Absence of heat shock transcription factor 1 retards the regrowth of atrophied soleus muscle in mice. J Appl Physiol 111: 1142-1149. First published August 4, 2011 doi:10.1152/japplphysiol.00471.2011.-Effects of heat shock transcription factor 1 (HSF1) gene on the regrowth of atrophied mouse soleus muscles were studied. Both HSF1-null and wild-type mice were subjected to continuous hindlimb suspension for 2 wk followed by 4 wk of ambulation recovery. There was no difference in the magnitude of suspension-related decrease of muscle weight, protein content, and the cross-sectional area of muscle fibers between both types of mice. However, the regrowth of atrophied soleus muscle in HSF1-null mice was slower compared with that in wild-type mice. Lower baseline expression level of HSP25, HSC70, and HSP72 were noted in soleus muscle of HSF1-null mice. Unloading-associated downregulation and reloading-associated upregulation of HSP25 and HSP72 mRNA were observed not only in wild-type mice but also in HSF1-null mice. Reloading-associated upregulation of HSP72 and HSP25 during the regrowth of atrophied muscle was observed in wild-type mice. Minor and delayed upregulation of HSP72 at mRNA and protein levels was also seen in HSF1-null mice. Significant upregulations of HSF2 and HSF4 were observed immediately after the suspension in HSF1-null mice, but not in wild-type mice. Therefore, HSP72 expression in soleus muscle might be regulated by the posttranscriptional level, but not by the stress response. Evidence from this study suggested that the upregulation of HSPs induced by HSF1-associated stress response might play, in part, important roles in the mechanical loading (stress)-associated regrowth of skeletal muscle. skeletal muscle; atrophy; regrowth; heat shock transcription factor; stress response LOADING is one of the important factors for regulation of skeletal muscle properties. Gravitational unloading, such as spaceflight and/or bed rest, causes atrophy of antigravity skeletal muscles (10, 37). On the other hand, increased loading induced by mechanical stretch and/or strength exercise results in muscle hypertrophy (9) and the regrowth of atrophied skeletal muscle (12, 43) . Reloading might induce muscle injuries (10, 46), associated with cellular stresses. However, molecular mechanisms responsible for the regrowth of atrophied skeletal muscle in response to various stimuli, such as increased loading, are not fully elucidated.
LOADING is one of the important factors for regulation of skeletal muscle properties. Gravitational unloading, such as spaceflight and/or bed rest, causes atrophy of antigravity skeletal muscles (10, 37) . On the other hand, increased loading induced by mechanical stretch and/or strength exercise results in muscle hypertrophy (9) and the regrowth of atrophied skeletal muscle (12, 43) . Reloading might induce muscle injuries (10, 46) , associated with cellular stresses. However, molecular mechanisms responsible for the regrowth of atrophied skeletal muscle in response to various stimuli, such as increased loading, are not fully elucidated.
Heat shock proteins (HSPs) play a part of the tightly regulated systems for maintenance of cellular homeostasis during the normal cell growth and for survival in response to environmental stresses, including heat shock (6, 16) . When cells are exposed to stresses, HSPs, especially, inducible 70-kDa HSP (HSP70, so-called HSP72), as well as HSP25, are induced and protect against such stresses via a so-called stress response (3, 17, 32, 52, 53) . HSP25 and HSP27 share more than 80% homology at the amino acid level (8) and are functionally similar (49) . Because of this homology, some reports (4, 48) refer to murine HSP25 as HSP27. In skeletal muscles, two members of the HSP family, HSP25/27 (murine HSP25 is the homolog of human HSP27), are upregulated by muscular exercise (5, 41, 50) and functional overloading (18, 19) , and downregulated by inactivity or disuse (4, 12, 35) . However, the precise mechanism responsible for the exercise-induced upregulation of HSPs in skeletal muscle has not been elucidated, yet.
Because HSP25 and HSP72 function as important molecular chaperones (17, (51) (52) (53) , the upregulation of HSP25 and HSP72 may prevent muscle atrophy that is induced in response to disuse and/or immobilization. A number of reports using wildtype mice suggested that HSPs and their upregulation in skeletal muscle play a crucial role in the antiatrophic effect on skeletal muscle under disuse-associated stressful condition (35, 44) . There is direct evidence that the overexpressions of HSP25/27 and HSP70 inhibit the immobilization-induced increase in muscle-specific E3 ubiquitin ligases, such as atrogin-1/muscle atrophy F-box (MAFbx) and muscle RING-finger-1 (MuRF-1), via inhibiting forkhead box O (Foxo) and nuclear factor of B (NF-B) activity during disuse (4, 44) . In addition, the overexpression of HSP70 protects skeletal muscle injury (30) . On the other hand, a decrease in HSP70 has been reported to contribute to the pathogenicity that is induced during skeletal muscle disuse (44) .
Some studies showed that the application of heat stress enhanced the regrowth of atrophied skeletal muscles (12, 43) . These observations suggest that heat stress and/or the upregulation of HSPs might have hypertrophic effects on skeletal muscle (11, 14, 23, 38, 47) . However, the application of heat stress may regulate the expressions of multiple cellular proteins, which are related to skeletal muscle hypertrophy. There is no direct evidence that the upregulation of HSPs play a role in loading-induced regrowth of skeletal muscle.
The HSPs are upregulated by various stresses at the transcription level by a consensus cis-element (heat shock element) and a heat shock transcription factor (HSF) family that specifically binds to heat shock elements located on the upstream region of HSP genes (33) . Among three HSFs (HSF1, HSF2, and HSF4) in mammals, HSF1 plays a crucial role in inducing HSPs, conferring cytoprotection against various stresses (28, 54) . Downregulation of HSP72 protein, but not HSP25 protein, in atrophied skeletal muscle, which was induced by unloading, is dependent on a reduction of HSF1 (24) . This suggests that each HSP in skeletal muscles may have a different regulatory mechanism for its expression. However, the regulatory mechanisms of HSP expressions in skeletal muscle are still unclear.
In the present study, we used the HSF1-null mouse model to obtain the direct evidence for the relationship between the expression of HSP proteins and the increment of muscle mass and protein content during the recovery of atrophied skeletal muscle. The regulatory mechanisms for the upregulation of HSPs at mRNA and protein levels were also discussed.
MATERIALS AND METHODS

Animals and treatments.
Male HSF1-null and wild-type (ICR) mice were prepared as described previously (21) . Mice 10 -15 wk of age were used in this experiment (n ϭ 48). The experimental procedures were carried out in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health (Bethesda, MD) and were approved by the Animal Use Committee at Toyohashi SOZO University.
Hindlimb suspension. Both HSF1-null and wild-type mice were randomly divided into two groups: 1) untreated preexperimental control (n ϭ 6 in each type of mice) and 2) suspended groups (n ϭ 18 in each type of mice). Mice of the suspended group were subjected to continuous hindlimb suspension for 2 wk. The hindlimb suspension was performed following the methods as described previously (26) . Briefly, tails of the mice were cleaned and were loosely surrounded by adhesive tapes cross-sectionally, fixing a string at the dorsal side of the tail, to maintain the blood flow intact. The string was fastened to the roof of the cage at a height allowing the forelimbs to support the weight, yet preventing the hindlimbs from touching the floor and the sides of the cage. The mice could reach food and water freely by using their forelimbs. Immediately after the 2-wk hindlimb suspension, ambulation recovery was allowed to 12 mice in the suspended group. During recovery, mice were housed in a cage (20 ϫ 31 cm and 13.5 cm height). Mice of the control group were also housed in a cage of the same size. All mice were housed in a vivarium room with 12:12-h light:dark cycle and with maintained temperature and humidity at ϳ23°C and ϳ50%, respectively. Solid food and water were provided ad libitum.
Sampling. Soleus, but not plantaris and gastrocnemius, muscle was used in the present study, even though some studies showed comparable atrophy in mouse soleus, plantaris, and gastrocnemius muscles following unloading (2, 20, 29) . Soleus muscles of the suspended group were dissected from both hindlimbs immediately, 2, and 4 wk after the 2-wk suspension under anesthesia with breathing of an isoflurane-oxygen-nitrous oxide gas mixture. Muscles of the control group were also dissected at the respective timing. The muscles were trimmed of excess fat and connective tissues, weighed, frozen in liquid nitrogen, and stored at Ϫ80°C.
Muscle protein content. Frozen left soleus muscles were crosssectionally cut into two portions at the midbelly region. The distal portions of muscles were homogenized in ϳ0.4 ml (0.1 ml/mg muscle wet wt) of tissue lysis reagent (CelLytic-MT, Sigma-Aldrich, St. Louis, MO) and completely solubilized by alkaline treatment with 2 N NaOH at 37°C for 1 h. Protein concentration of the tissue lysate was determined by using Protein assay kit (Bio-Rad, Hercules, CA) and bovine serum albumin (Sigma) as the standard. Total protein content in whole muscle was then calculated.
Real-time reverse transcription-PCR. In the present study, the expressions of HSP mRNAs, including the constitutive cytosolic HSC70, so-called HSP73, and stress inducible HSP72, and HSP25, and the expressions of HSF mRNAs including HSF1, HSF2, and HSF4 were assessed by real-time RT-PCR. Total RNA was extracted from the proximal portion of left muscle using the miRNeasy Mini kit (Qiagen, Hiden, Germany) according to the manufacturer's protocol. Samples (ϳ40 ng of RNA) were reverse-transcribed using the firststrand cDNA Synthesis kit according to the manufacturer's instruc- Fig. 1 . Changes in the body weight and soleus muscle wet weight in response to 2-wk hindlimb suspension followed by ambulation recovery. Relative muscle weight, the muscle weight relative to body weight (BW); HSF1 ϩ/ϩ , wild-type mice; HSF1 Ϫ/Ϫ , heat shock transcription factor 1-null mice; Pre, before hindlimb suspension; R0, R2, and R4, recovery 0, 2, and 4 wk, respectively. Values are means Ϯ SE; n ϭ 6/group at each time point. When the 2-way ANOVA (mice and time) showed that the overall differences were statistically significant between 2 types of mice (effect of mice), the results were shown using "a." If there was a significant interaction in each parameter between 2 types of mice and the time course during the experimental period, the results were shown using "c". Since significant effect of mice or interaction was observed, Turkey-Kramer post hoc tests were then performed. Significant differences of the data between each time point, within either wild-type or HSF1-null mice, were shown using * and †: P Ͻ0.05 vs. Pre and R0 of respective group, respectively. tions [PrimeScript RT Master Mix (Perfect Real Time) for mRNA, Takara Bio, Otsu, Japan]. Synthesized cDNA was applied to real-time reverse transcription-PCR (Thermal Cycler Dice Real Time System II MRQ, Takara Bio) using Takara SYBR Premix Ex Taq II for mRNA, and analyzed with Takara Thermal Cycler Dice Real Time System Software Ver. 4.00 according to the manufacturer's instructions. The real-time cycle conditions were 95°C for 30 s followed by 40 cycles at 95°C for 5 s and at 60°C for 30 s for mRNA. Specificity was confirmed by electrophoretic analysis of the reaction products and by inclusion of template-or reverse transcriptase-free controls. To normalize the amount of total RNA present in each reaction, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA for mRNA was used as an internal standard.
The primers were designed by using the Takara Bio Perfect Real Time Support System (Takara Bio). Primers used for detection of mouse cDNA were as follows: HSP25, 5=-TCCCTGGACGTCAACCACTTC-3= (forward) and 5=-AGAGATGTAGCCATGTTCGTCCTG-3= (reverse); HSC70, 5=-AGCTGCCTGGCATTTGTGTG-3= (forward) and 5=-GTGCGGTTACCCTGGTCATTG-3= (reverse); HSP72, 5=-CAAG-AACGCGCTCGAATCCTA-3= (forward) and 5=-TCCTGGCACTT-GTCCAGCAC-3= (reverse); HSF1, 5=-ACAGTGTCACCCGGCT-GTTG-3= (forward) and 5=-GACTGCACCAGTGAGATGAGGAA-3= (reverse); HSF2, 5=-GCAGTGTTGTTCAACATGTGTCAG-3= (forward) and 5=-AGTTCCCATCCAGGAATGCAAG-3= (reverse); HSF4, 5=-TGATGGATCTGGACATGGAGTTG-3=(forward) and 5=-CTAG-CATGAGTGGAGTTCCCAGTG-3= (reverse); and GAPDH, 5=-TGTGTCCGTCGTGGATCTGA-3=(forward) and 5=-TTGCTGTT-GAAGTCGCAGGAG-3= (reverse).
Histochemical analyses. Frozen right soleus muscles were crosssectionally cut into two portions at the midbelly region. Distal portions of soleus muscles were used for the analyses of the crosssectional area (CSA) of muscle fibers. Serial transverse cryosections (7-m thick) of the frozen samples were cut at Ϫ20°C and mounted on the slide glasses. The sections were air-dried and stained to analyze the histological images by using hematoxylin and eosin (H and E). The images of muscle sections were incorporated into a personal computer (DP Manager version 2.2.1.195, Olympus Japan, Tokyo) by using a microscope (IX 81 Olympus Japan). The CSAs of ϳ250 fibers from each muscle were analyzed by using ImageJ.
Immunoblotting analyses. The HSP25, HSP60, HSC70, HSP72, and HSP90 proteins were assessed by immunoblotting assay. Proximal portions of the right muscles were homogenized in an isolation buffer of tissue lysis reagent (CelLytic-MT, Sigma-Aldrich) with 1 mM Na 3VO4, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 g/ml leupeptin with glass homogenizer. The homogenates were then sonicated and centrifuged at 12,000 rpm (4°C for 10 min), and the supernatant was collected.
A part of the supernatant was solubilized in sodium-dodecylsulfate (SDS) sample buffer [30% (vol/vol) glycerol, 5% (vol/vol) 2-mercaptoethanol, 2.3% (wt/vol) SDS, 62.5 mM Tris·HCl, 0.05% (wt/vol) bromophenol blue, and pH 6.8] at a concentration of 0.5 mg of protein per milliliter and boiled for 3 min. The SDS-polyacrylamide gel electrophoresis (PAGE) was carried out on 10 or 12.5% polyacrylamide [bisacrylamide/acrylamide, 1:20 (wt/wt)] slab gel (60 ϫ 85 ϫ 1 mm) containing 0.5% SDS at a constant current of 20 mA for 120 min, as was reported previously (12) . Equal amounts of protein (10 g) were loaded on each gel. Molecular weight markers (ECL DualVue Western Blotting Markers, GE Healthcare, Buckinghamshire, UK) were applied to both sides of 14 lanes as the internal controls for transfer process or electrophoresis.
Following SDS-PAGE, proteins were transferred to PVDF membranes (0.2 m pore size, Bio-Rad) at a constant voltage of 100 V for 60 min at 4°C. The membranes were blocked for 1 h using a blocking buffer: 5% skim milk with 0.1% Tween 20 in Tris-buffered saline (TTBS) with pH 7.5. The membranes were incubated for 1 h with a polyclonal antibody for HSP25 (SPA-801, StressGen, Victoria, BC), HSC70 (SPA-816, StressGen), HSP72 (SPA-812, StressGen), and then reacted with a secondary antibody (goat anti-rabbit immunoglobulin G conjugate to horseradish peroxidase, Cell Signaling Technology) for 1 or 2 h. To detect HSP60 and HSP90, we generated antiserum HSP60 and HSP90 by immunizing rabbit, as described previously (7, 22) . After the final wash, protein bands were visualized using chemiluminescence (ECL Advance Western blotting kit, GE Healthcare), and signal density was measured using Light-Capture (AE-6971) with CS Analyzer Ver. 2.08b (ATTO, Tokyo, Japan). Each sample was investigated in duplicate, at least, to ensure that results were not influenced by loading errors. GAPDH, (G9545, SigmaAldrich) was evaluated to ensure the equal loading. Standard curves were constructed during the preliminary experiments to ensure linearity.
Statistical analysis. All values were expressed as means Ϯ SE. Statistical significance was analyzed by using two-way (mice and time) analysis of variance (ANOVA). When the results showed that the overall differences between two types of mice (effect of mice) and the overall changes in both types of mice during the experimental period (effect of time) were statistically significant, and further a significant interaction in each parameter between two types of mice and the time course during the experimental period were observed, Turkey-Kramer post hoc test was performed. The significant level was accepted at P Ͻ 0.05.
RESULTS
Body weight and soleus muscle wet weight. The body weights of HSF1-null and wild-type mice are shown in Fig. 1 . Two-way ANOVA (mice and time) for the changes in the body weights during the experimental period revealed the overall differences were statistically significant between HSF1-null and wild-type mice (P Ͻ 0.05, effect of mice). However, there was no statistically significant difference between HSF1-null and wild-type mice at any time point.
Two-way ANOVA (mice and time) for both absolute and relative muscle weight showed that there was a significant interaction in each parameter between two types of mice and the time course during the experimental period (P Ͻ 0.05, Fig.  1 ). However, according to the post hoc test, no statistical significance was observed in both the absolute and relative muscle weights between HSF1-null and wild-type mice at any time point, including preexperimental controls. Atrophy of soleus muscle in both types of mice was observed following 2-wk hindlimb suspension (P Ͻ 0.05), but the magnitude of atrophy was similar between them. In wild-type mice, a significant increase in muscle weight was observed 2 wk after recovery (P Ͻ 0.05). However, a significant increase was seen only 4 wk after ambulation recovery in HSF1-null mice.
CSA of fibers. Figure 2 shows the representative crosssectional images of soleus muscle and the responses of the mean fiber CSAs of soleus muscle during the experimental period. Two-way ANOVA (mice and time) showed that there was a significant interaction in the response of fiber CSA to hindlimb suspension followed by ambulation recovery between two types of mice and the time course during the experimental period (P Ͻ 0.05). Following 2 wk of hindlimb suspension, the mean CSAs in both types of mice were significantly decreased (ϳ34% in wild-type mice, ϳ39% in HSF1-null mice) and gradually recovered during 4 wk of ambulation. The fiber CSAs were gradually increased: ϳ51% (P Ͻ 0.05) and ϳ71% (P Ͻ 0.05) in wild-type and ϳ10% (P Ͼ 0.05) and ϳ37% (P Ͻ 0.05) in HSF1-null mice 2 and 4 wk after recovery, respectively. The degree of increase in HSF1-null mice at the 2nd and 4th wk of recovery was less than that of wild-type mice (P Ͻ 0.05). There was no statistically significant difference in the fiber CSA between HSF1-null and wild-type mice before the initiation of the experiment. However, the mean value in HSF1-null mice at the 2nd and 4th wk was still lower than the preexperimental level (P Ͻ 0.05).
Muscle protein content. Figure 3 shows the changes in the absolute and the relative (vs. muscle wet wt) protein content of soleus muscle. Two-way ANOVA (mice and time) showed that there was a significant interaction in the response of these parameters to hindlimb suspension followed by ambulation recovery between two types of mice and the time course during the experimental period (P Ͻ 0.05). There was no significant difference in the whole muscle protein content between HSF1-null and wild-type mice before hindlimb suspension. However, the protein contents in both HSF1-null and wild-type mice were significantly decreased following 2-wk hindlimb suspension similarly (P Ͻ 0.05). The muscle protein contents were gradually increased and the mean absolute content in wild-type and HSF1-null mice at the 4th wk was significantly greater than the level observed immediately after the termination of suspension (ϳ75 and ϳ30%, respectively, P Ͻ 0.05). The level in wild-type mice was even greater than the preexperimental baseline (P Ͻ 0.05). The reloading-related increase of the absolute protein content in HSF1-null mice was less than in wild-type mice (P Ͻ 0.05).
Expressions of HSP mRNAs. Changes in mRNA expressions of HSP25, HSC70 and HSP72 are shown in Fig. 4 . Two-way ANOVA (mice and time) for the changes in mRNA during the experimental period revealed that the overall differences were statistically significant in all of these mRNA between HSF1-null and wild-type mice (P Ͻ 0.05, effect of mice) (P Ͻ 0.05).
Lower baseline levels of HSP25 (ϳ72%), HSC70 (ϳ70%), and HSP72 (ϳ59%) were observed in HSF1-null mice compared with wild-type mice (P Ͼ 0.05, Fig. 4) . A significant decrease in mRNA expression of HSP25 mRNA in wild-type mice was induced by hindlimb suspension (65%, P Ͻ 0.05), but not in HSF1-null mice (ϳ32%, P Ͼ 0.05). There was a trend that HSP72 expression in both types of mice decreased following hindlimb suspension (P Ͼ 0.05). Also, significant increases in HSP72 mRNA in wild-type (2nd and 4th wk) and HSF1-null mice (4th wk) were noted after ambulation recovery. However, there were no significant changes in HSC70 mRNA in both wild-type and HSF1-null mice.
Expressions of HSP proteins. Two-way ANOVA (mice and time) showed a significant effect of mice (HSP25, HSP60, HSC70, HSP72, and HSP90) and time (HSP25 and HSP72) on the expression of HSP proteins (P Ͻ 0.05, Fig. 5 ). Lower baseline expression levels of HSP25 (ϳ20%), HSP60 (ϳ24%), HSC70 (ϳ16%), HSP72 (ϳ23%), and HSP90 (ϳ12%) proteins in HSF1-null mice were observed compared with those in wild-type mice (P Ͼ 0.05).
There was no significant change in the mean level of HSP25 in wild-type and HSF1-null mice in response to hindlimb suspension (9 and 19%, respectively, P Ͼ 0.05). However, large increases in the HSP25 content in both wild-type (ϳ48%, P Ͻ 0.05) and HSF1-null mice (ϳ44%, P Ͼ 0.05) were Fig. 5 . Expressions of heat shock proteins (HSPs) and HSC in soleus muscle in response to hindlimb suspension followed by ambulation recovery. Top: representative expression patterns of HSP25, HSP60, HSC70, HSP72, HSP90, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Bottom: changes in the mean levels of HSP25, HSP60, HSP70, HSP72, and HSP90. Values are expressed relative to the value before hindlimb suspension in HSF1 ϩ / ϩ (1.0). OD, optical density. Values are means Ϯ SE; n ϭ 6/group at each stage. See Figs. 1 and 4 for other abbreviations, statistics, and symbols. Since the overall changes of data in both types of mice during the experimental period (effect of time) were statistically significant, the results were also shown using "b." * and †: P Ͻ 0.05 vs. Pre and R0 of respective group. observed following 2 wk of ambulation recovery. In wild-type mice, however, a 47% increase in HSP72 was observed after 2 wk of ambulation recovery (P Ͻ 0.05), although the mean level slightly decreased again after 2 wk (P Ͼ 0.05). Surprisingly, the level of HSP72 in HSF1-null mice was also increased by 31% (P Ͼ 0.05) and 49% (P Ͻ 0.05) 2 and 4 wk after the suspension, respectively, compared with the level immediately after the termination of suspension. There was no change in the mean levels of HSP60, HSC70, and HSP90 in both wild-type and HSF1-null throughout the experimental period.
HSF genes. Figure 6 shows the changes in the mean expression levels of HSF1, HSF2, and HSF4 mRNAs in soleus muscle during the experimental period. HSF1 gene was not detected in HSF1-null mice, of course. In wild-type mice, the downregulation of HSF1 mRNA was observed following 2 wk of hindlimb suspension (approximately Ϫ36%, P Ͼ 0.05). However, its level was recovered to the previous level following 2 wk of ambulation recovery (P Ͼ 0.05).
Two-way ANOVA (mice and time) showed significant effects of both mice and time on the expressions of HSF2 and HSF4 mRNA (P Ͻ 0.05, Fig. 6 ). The basal level expression of HSF2 mRNA was lower in mice without HSF1 gene than wild-type mice (approximately Ϫ66%, P Ͼ 0.05). In wild-type mice, the expression level of HSF2 mRNA was decreased after hindlimb suspension (ϳ58%, P Ͻ 0.05), but was increased to the control level within 2 wk (P Ͻ 0.05). In HSF1-null mice, HSF2 mRNA was increased in response to hindlimb suspension (ϳ79%, P Ͻ 0.05), and thereafter was decreased to the basal level within 2 wk (P Ͼ 0.05). The basal expression level of HSF4 mRNA was similar between wild-type and HSF1-null mice. However, clear differences in the response to hindlimb unloading were noted. A significant (ϳ358%, P Ͻ 0.05) elevation was noted in HSF1-null mice, even though the expression was lowered to the baseline level within 2 wk of ambulation (P Ͻ 0.05). However, the responses to hindlimb suspension and ambulation in wild-type mice were minor.
DISCUSSION
The present study showed lower expressions of HSP 25, HSC70, and HSP72 at the transcriptional and protein levels of soleus muscle in HSF1-null mice. The levels of HSP expressions were not closely related to the induction of unloadingassociated muscle atrophy. However, the regrowth of atrophied soleus muscle during 4 wk of recovery was partially inhibited by the absence of HSF1 gene. Minor and delayed upregulation of HSP72 protein, but not of HSP25, during the regrowth of atrophied soleus muscle was observed in HSF1-null compared with wild-type mice. The responses of HSP25 and HSP72 mRNA expressions, except HSC70 mRNA, to hindlimb suspension followed by ambulation recovery were similar to those of their protein expression levels. However, the responses of HSF genes including HSF1 could not clearly explain the downand the upregulation of HSP25 and HSP72 during the atrophy and the regrowth of soleus muscle.
Effects of HSF1-decifiency on unloading-associated muscle atrophy. Lower baseline expressions of HSP25, HSC70, and HSP72 at both transcriptional and protein levels were noted in soleus muscle of HSF1-null mice. This is the first investigation showing the lower baseline expression level of the HSPs in skeletal muscle of HSF1-null mice. The results were consistent with previously reported data in other organs of HSF1-null mice, such as stomach and liver (45, 55) . Previous reports suggested that higher content of HSP25 and/or HSP70/72 could attenuate muscle atrophy induced by disuse and inactivity (4, 35, 44) . In the present study, however, there was no significant difference in the degree of muscle atrophy induced by unloading between wild-type and HSF1-null mice, which have the different baseline expression levels of HSPs. In the present study, there was no difference in the magnitude of decrease in the expression levels of HSP25 and HSP72 immediately after the hindlimb suspension between wild-type and HSF1-null mice. However, we have no clear explanation of such phenomena at present. There might be a critical level in the baseline expression levels of HSPs, which influence the upand/or downregulation of skeletal muscle mass.
Effects of HSF1-deficiency on the regrowth of atrophied muscle. Changes in the expressions of HSPs and HSFs during unloading-induced muscle atrophy followed by the regrowth were investigated in the present study. The regrowth of atrophied soleus muscle during 4 wk of recovery was partially inhibited in HSF1-null mice. The molecular mechanism of the delayed regrowth of atrophied soleus muscle in HSF1-null mice is still unclear. It has been suggested that the upregulation of HSP72 has hypertrophic effects on skeletal muscle (13) . The fact that HSP25 and HSP72 were significantly increased after 2 wk of reloading in the wildtype mice, but not in the null mice, suggests that the slower regrowth of atrophied muscle in HSF1-null mice might be due to the lower expression levels of HSPs.
Unloading and reloading-associated down-and upregulations of HSPs in skeletal muscle. The unloading-associated downregulation and the reloading-associated upregulation of HSP25 and HSP72, except HSC70, of soleus muscle in both wild-type and HSF1-null mice were observed at the transcriptional and protein levels in the present study. Several reports have shown the unloading-induced downregulation and the reloading-induced upregulation of HSPs in skeletal muscle of wild-type mice (12, 35, 39, 43) . This is the first study reporting the responses of expression level of HSPs in skeletal muscle during the regrowth in HSF1-null mice. It is generally accepted that the stress-inducible upregulation of HSPs is highly regulated by HSF1 in mammalians (28, 33) . However, mRNA expression of HSF1 even in wild-type mice did not change significantly during the experimental period in the present study. In addition, a significant upregulation of HSP72 at mRNA and protein levels, but not HSP25, in HSF1-null mice was observed and was delayed compared with wild-type mice during the recovery period. These observations strongly suggest that the expressions of HSP72 in skeletal muscle may not be solely regulated by the expression level of HSF1.
A similar response of HSP25 and HSP72 at protein level was observed in wild-type mice. On the other hand, they responded differently to unloading and reloading at both mRNA and protein levels in HSF1-null mice. The disparate effects of unloading and reloading on HSP25 and HSP72 expressions at mRNA and protein levels with or without HSF1 gene may reflect their different regulatory mechanisms. However, it is still unclear why HSPs in skeletal muscle are upregulated during regrowth.
There might be at least two possible causes for the upregulation of HSPs in HSF1-null skeletal muscle. The first possibility might be that other HSFs, such as HSF2 and/or HSF4, may play a key role in the upregulation of HSPs in HSF1-null mice. It has been suggested that the overloading-associated upregulation of HSPs in skeletal muscle may be induced by HSF4, but not HSF1 and HSF2 (25) . Statistically significant upregulation of HSF1 mRNA was not observed, even in wild-type mice, after reloading in the present study. In addition, the responses of HSF2 and HSF4 in HSF1-null mice were different from those in wild-type mice. Significant upregulations of HSF2 and HSF4 were observed immediately after the termination of suspension. It has been reported that HSF2 is not activated by classical stress stimuli, but is activated during development (40) and myogenesis (27) . Expression of HSF4 results in reduced expression of HSP70 protein in mouse lens (7) . The upregulations of HSF4 might induce the decrease in the expression level of HSPs immediately after the termination of hindlimb suspension in HSF1-null mice. However, physiological roles of the upregulation of HSF2 and HSF4 in HSF1-null skeletal muscle are still unclear.
The second possibility might be that the upregulation of HSPs in skeletal muscle during the reloading-associated regrowth may be independent of HSF1-associated stress response. The upregulation of HSP70 protein is considered to be due to an improvement of posttranscriptional regulation (31, 42), but not transcriptional level (34, 36) . Some musclespecific microRNAs (miRNAs), which are short (ϳ20 -30 nucleotides) and noncoding RNA molecules that have influence on gene expression (1, 15) , may regulate HSP protein expression in skeletal muscle (36) . The regulation of HSP expression at both transcriptional and protein levels was examined in the present study. The changes in mRNA expression levels of HSP25 and HSP72 showed a similar response to the changes in the protein expression levels of them (Figs. 4 and  5) , suggesting that the contents of mRNA might be a key factor for the regulation of HSP protein expressions. However, the regulation of mRNA expressions of HSPs in skeletal muscle in response to muscle plasticity is not fully elucidated. The expression levels of HSPs might be regulated at the posttranscriptional level, namely a stability of mRNAs.
In conclusion, the upregulation of HSPs induced by HSF1-associated stress response may play a part of the important roles in the mechanical loading (stress)-associated regrowth of mouse soleus muscle. The disparate effects of unloading and reloading on HSP25 and HSP72 expressions of soleus muscle in wild-type and HSF-null mice may reflect their different regulatory mechanisms. HSP protein expression in soleus muscle might be regulated by the posttranscriptional level, but not by the stress response. Furthermore, this is the first evidence showing the lower baseline expression of the HSPs at the transcriptional and protein levels in skeletal muscle of HSF1-null mice.
